Antifolates, folate analogs that inhibit vitamin B 9 (folic acid)-using cellular enzymes, have been used over several decades for the treatment of cancer and inflammatory diseases. Cellular uptake of the antifolates in clinical use occurs primarily via widely expressed facilitative membrane transporters. More recently, human folate receptors (FRs), high affinity receptors that transport folate via endocytosis, have been proposed as targets for the specific delivery of new classes of antifolates or folate conjugates to tumors or sites of inflammation. The development of specific, FR-targeted antifolates would be accelerated if additional biophysical data, particularly structural models of the receptors, were available. Here we describe six distinct crystallographic models that provide insight into biological trafficking of FRs and distinct binding modes of folate and antifolates to these receptors. From comparison of the structures, we delineate discrete structural conformations representative of key stages in the endocytic trafficking of FRs and propose models for pH-dependent conformational changes. Additionally, we describe the molecular details of human FR in complex with three clinically prevalent antifolates, pemetrexed (also Alimta), aminopterin, and methotrexate. On the whole, our data form the basis for rapid design and implementation of unique, FR-targeted, folate-based drugs for the treatment of cancer and inflammatory diseases.
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isothermal titration calorimetry | targeted drug delivery F olic acid, an essential vitamin developed in the 1940s for the treatment of anemia, is converted to functional, naturally occurring metabolites via the action of dihydrofolate reductase and hence can act as a dietary supplement for folates (1) . Folates are necessary in eukaryotic cells for single carbon transfer reactions, notably the conversion of homocysteine to methionine and a multitude of steps in de novo nucleotide synthesis (2) (3) (4) (5) . Folic acid and its reduced derivatives, including 5-methyltetrahydrofolate and 10-formyltetrahydrofolate, are transported via two widely expressed facilitative transporters, the reduced folate carrier (RFC) and the proton-coupled folate transporter (PCFT), and via a family of glycosyl-phosphatidylinositol (GPI)-anchored receptors with limited expression profiles generally described as folate receptors (FRs) (3) (4) (5) (6) (7) . For >60 y, folate analogs that inhibit intracellular folate-using enzymes, termed antifolates, have been developed to treat a variety of cancer types and inflammatory diseases (8) (9) (10) (11) (12) (13) (14) . More recently, the emphasis in folatemediated drug therapy has shifted to obtain a better understanding of transport mechanisms of antifolates because dose-limiting toxicities arise from their transport via RFC, and possibly PCFT, into normal cells (6, 11, (15) (16) (17) . To date, antifolates approved for clinical use are transported primarily via RFC, although one of the most recently developed antifolates, pemetrexed (PMX), may also transit through PCFT (6, 11, (18) (19) (20) (21) . Given the toxicities associated with transport via facilitative transporters, the development of therapeutic molecules specifically transported via the FRs has been explored over the last two decades (22) (23) (24) .
In humans, three genes encoding functional folate receptors termed hFRα, hFRβ, and hFRγ (also FOLR1, FOLR2, and FOLR3, respectively) have been identified (Fig. 1) (2, 3, (25) (26) (27) (28) (29) . hFRα and hFRβ are anchored at the plasma membrane via a GPI anchor, whereas FRγ is secreted due to the lack of a signal sequence for GPI anchor attachment (30) (31) (32) . FRα is generally displayed on the apical surface of polarized epithelial cells, particularly in the proximal tubule cells of the kidney and the choroid plexus (2, (33) (34) (35) . hFRβ is expressed in latter stages of normal myelopoiesis and in the placenta, spleen, and thymus (36, 37) . In the normal development of the myelomonocytic lineage, hFRβ can be seen as a differentiation marker coexpressed with cluster of differentiation (CD) 14 at relatively low levels in monocytes but not in CD34
+ normal hematopoietic progenitors (38, 39) . hFRγ is secreted at low levels from lymphoid cells in the spleen, thymus, and bone marrow. Whereas hFRα has been implicated in folate transcytosis in the kidney and delivery into the central nervous system, the biological functions of hFRβ and hFRγ when expressed normally are unclear (29, (37) (38) (39) (40) (41) (42) (43) . hFRβ, however, has the capacity to deliver folate and folate-derived molecules into activated macrophages or certain leukemic cells (37, 38, 43) . Given the restricted expression of hFRα and hFRβ, the transcytosis mechanism normally used by hFRα, and the generally low expression levels of hFRβ, FR-targeted therapeutics are predicted to show limited toxicity in normal tissues (28) .
Furthermore, FR-targeted therapies are expected to be effective in the treatment of many types of cancer and inflammatory disease owing to high expression levels of hFRα or hFRβ in disease-causing cells (24, 33, 38) . Specifically, hFRα is consistently overexpressed in nonmucinous adenocarcinomas of the ovary, uterus, breast, cervix, kidney, and colon, as well as testicular choriocarcinoma, ependymal brain tumors, malignant pleural mesothelioma, and nonfunctioning pituitary adenocarcinoma (35, 44) . hFRβ expression is increased in certain leukemias, most consistently seen in chronic myelogenous leukemia and acute myelogenous leukemia (43, 45) . hFRβ expression is also increased in activated synovial macrophages, cells involved in the pathogenesis of rheumatoid arthritis and other inflammatory conditions including psoriasis and Crohn's disease (37, 39, 46, 47) .
As the FRs serve as markers for diseased cells in cancers and inflammatory disease, the development of three distinct types of FR-targeted therapeutics based on antibodies, folate-conjugates, and antifolates are being pursued (22) (23) (24) . Monoclonal antibodies against hFRα and hFRβ could promote clearance of FRpositive cells by the immune system, folate-conjugates aim to deliver cytotoxic cargo or imaging agents to FR-positive cells, and FR-targeted antifolates would potentially eliminate cytotoxic side effects of current antifolates delivered to normal cells via RFC (12, 16, 45, (48) (49) (50) (51) (52) . Because these therapies have enormous potential for the treatment of cancer and inflammatory disease, we performed a detailed molecular study of hFRs to understand biological trafficking and principles of ligand binding and release of the folate receptors. This work stands to enhance and accelerate efforts in ongoing FR-targeted drug development.
We present herein a series of six unique hFR structures that outline three distinct states relevant to the endocytic trafficking of the receptor and also provide four structures in complex with folate or antifolate ligands (2, 42) . Five of the six unique structures were determined for hFRβ at pH 7.4-8.2, whereas the sixth structure resulted from hFRα crystallized at pH 5.5 (Tables S1  and S2 ). From comparison of three of these structures, apohFRβ, hFRβ in complex with folate, and apo-hFRα at acidic pH, we delineate discrete structural conformations representative of key stages in the endocytic trafficking of FRs and propose models for pH-dependent conformational changes. Our comparison of hFRα and hFRβ structures, although not straightforward, is validated by the high sequence identity (82%) and similarity (92%), of these two receptors (Fig. 1) . For example, only one residue that makes a polar contact with ligands in the binding pocket differs between hFRα and hFRβ (K158α/R152β). Our complex structures of hFRβ illustrate the key determinants in ligand binding while also demonstrating the propensity of hFRs to bind similar ligands in distinct, unpredictable modes.
Additionally, we examined the pH dependence of hFRs binding to folate and antifolates to test a paradigm in receptor trafficking that proposes release of ligands from the receptor is based on subtle acidification in the endosome (2, 6, 53) . On the whole, our data offer a comprehensive understanding of the molecular behavior of folate receptors and provide a basis for unique strategies in FR-mediated drug discovery.
Results
Structures of the hFR in Distinct Biological Trafficking States. After processing in the secretory pathway, mature hFRs consist of ∼205 residues with posttranslational modifications including the attachment of N-linked glycans and the formation of eight disulfide bonds between 16 conserved cysteines ( Fig. 1; Fig. S1 ) (25, 26, 54) . Two human folate receptors, hFRα and hFRβ, have been examined extensively as potential vectors for the delivery of folate-based drugs (6, 55) . These receptors are displayed on the cell surface via a GPI anchor and are capable of transporting folate via a cell division cycle 42 protein-dependent endocytic mechanism (30, 53, 56) . To understand the molecular details of folate uptake, we purified proteins via heterologous expression in eukaryotic host cells and subsequently used these properly folded glycoproteins to solve structures of hFRs in three states relevant to endocytic transport (Fig. 2) .
The first structure, hereafter referred to as state I, was determined to a resolution of 1.8 Å (R free = 19.3%) for apo-hFRβ crystallized at slightly basic conditions (pH 7.4) and represents the conformation of the receptor at the cell surface before association with folate (Figs. 3A and 4A). After examination of available structures, hFR was found to share structural homology only with chicken riboflavin binding protein (57) (58) (59) . The majority of apo-hFRβ lacks defined secondary structure, with ∼30% of residues in six α-helices and less than 8% in four short β-strands ( Figs. 1 and 3A; Fig. S1 ). Eight disulfide bonds stabilize the fold by tethering loops and secondary elements. The most prominent feature of apo-hFRβ is a ∼10 × 15 Å cleft with a depth of ∼20 Å. Based solely on the state I structure, we proposed that this cleft is the binding site for ligands and that the receptor is in an open conformation poised to interact with folate. These hypotheses are supported by our additional hFR structures discussed below.
To elucidate structural determinants for ligand binding and to deduce conformational changes in the receptor that occur when folate (FOL) interacts, a structure of the hFRβ/FOL, termed state II hereafter, was determined to 2.3 Å (R free = 26.0%). The hFRβ/FOL complex crystallized at neutral to basic pH values (7.0-8.5), and thus the hFRβ/FOL complex represents the general conformation of the receptor at the cell surface after binding to a ligand (Figs. 2 and 3B ). Folate is oriented such that the pterin ring is positioned deep within the aforementioned cleft, the 4-aminobenozyl linker extends through the central region of the cleft, and the glutamyl tail is partially exposed to solvent with atoms leading to the γ-carboxylate protruding from the binding cleft.
To accommodate folate, the conformations of state I and state II differ globally only in two loop regions, one connecting the β1 and β2 strands and another following the α1 helix (cf. Fig. 3 and B; Movie S1). The movements of these two loops allow interactions of Y76, W118, and R119 with folate. Additional contacts with folate are provided by atoms that do not move significantly between state I and state II (e.g., F78, D97, Y101, G153, W154, W156, W187) or are facilitated by changes in side chain rotamer conformations (e.g., H151, R152, S190). Additional details of all contacts between folate and hFRβ are provided in Fig. S2 . The image that emerges from a detailed analysis of folate binding is the following: (i) the pterin ring stacks between Y101 and W187, residues conserved throughout the FR superfamily, and is further stabilized by several polar contacts with side chain atoms (31, 57); (ii) the central 4-aminobenzoyl moiety interacts only via hydrophobic interactions, but not through direct π-π stacking, with aromatic residues Y76, F78, and W118; and (iii) the glutamyl portion is positioned in a pocket wherein main chain atoms, three conserved tryptophans, and a single basic residue (R152) form polar contacts with the carboxylates. To transport folate, hFRs are encapsulated into an endosome wherein folate release occurs. This release has been proposed to be due to a pH-dependent switch in the hFR/FOL complex as the microenviroment of the endosome acidifies, although recycling endosomes that traffic folate receptors have been reported to only become mildly acidic within a pH range of 5.6-7.2 with an average value of 6.5 (2, 6, 42, 53) . Due to the potential for structural changes in the receptor at acidic pH, we determined the structure of apo-hFRα at pH 5.5 in three distinct crystal forms from three protein constructs to resolutions of 1.55, 1.8, and 2.2 Å, with R free values of 19.9, 26.9, and 19.9%, respectively. With the exception of changes in the conformation of one loop due to a crystal contact and the degree of order in another, all four molecules in the three crystal forms are statistically identical (Fig.  S3 ). This conformation, termed state III, represents the endosomal conformation of the receptor after folate has been released. On acidification, the receptor undergoes several conformational changes to loops that surround the binding cleft ( Fig. 3 C and D) .
Our three biological trafficking models of hFRs show structural variations in four regions, which are described using the following names: basic loop, switch helix, anchor loop, and inhibitory loop ( Figs. 1 and 3D ). The basic loop follows the first cysteine residue and includes a conserved tetrapeptide of basic residues: KHHK. In state III, the histidines in the central region of the basic loop have moved with a Cα displacement of ∼9 Å relative to the position in state I or II. The KHHK residues in the basic loop are placed near the C-terminal end of the α2 helix in states I and II, and the loop rotates away from the α2 helix, and thus the folate binding site, in state III at acidic pH, placing the basic loop in a position wherein the side chains of the KHHK motif are largely solvent exposed. Movement of the basic loop allows for the displacement of α1, the switch helix, which undergoes a transition from helix in states I and II to an extended loop in the acidic state III. The movement of the switch helix allows a shift in the position of the anchor loop, which provides two residues, D51 and H54 (D45/H48 in hFRβ), for a series of ionic interactions including E108 and R125 (E102/R119 in hFRβ; Figs. 4 and 5A). As a result, the inhibitory loop is anchored in the folate binding cleft via R125 (R119 in hFRβ), a conserved residue that interacts with folate in state II. In state III, the arginine sidechain is positioned to prevent the pterin ring of folate from entering the binding cleft (Movie S2). Relative to changes between state I and II, the transformations to state III are of much greater magnitude.
Based on our finding that hFRs have significantly different structures at near neutral and mildly acidic pH values, we examined whether histidines, the most likely residues to be ionized . Histidine residues may promote or stabilize pH-dependent global conformational changes in hFR structures. (A) Conserved residues of hFRα and hFRβ form ionic contacts at low pH. A series of interactions facilitated by D51 and H54, residues from the anchor loop, which are solvent exposed at neutral pH, result in stabilization of Arg125 in a position that occludes the folate binding site. Electron density for the final 2mjF o -DF c j map contoured at 1.0 σ is shown with residue numbering based on hFRα. (B) Conserved histidines in hFRα and hFRβ may promote ligand dissociation and global changes in conformation based on changes in pH when moving from neutral (states I and II) to acidic (state III) conditions during trafficking. Residue numbers are indicated for hFRβ; equivalent numbering for hFRα would be incremented +6 relative to hFRβ (Fig. 1) . Arrows serve as guides for the direction of movement for individual histidines. An asterisk indicates the H69 equivalent position in state III. This residue was not shown explicitly or modeled due to lack of electron density for the sidechain atoms. (C and D) The adaptive Poisson-Boltzmann solver (APBS) software was used to calculate electrostatic surface potentials for the hFRβ folate complex at pH 7.4 and 6.5 to assess possible differences in electrostatic potential experienced by hFRβ/FOL complex during trafficking.
during this pH change, serve as facilitators of global conformational changes in the receptor. Initially, we compared the positions of the eight histidines conserved in hFRα and hFRβ and identified residues that undergo movement between apo-hFR states I and III (Fig. 5B) . Four residues, H82, H93, H151, and H189, showed no positional changes between the two apo-hFR models, likely indicating no role for these residues in global pHdependent conformational changes of the receptor (Movie S3). However, H151 may still perturb folate binding via pH-dependent ionization as it undergoes a rotamer shift to interact with folate at neutral pH (state II). The remaining histidines, H36, H37, H48, and H69, have Cα displacements of 9.3, 8.9, 4.8, and 16.0 Å, respectively. H36 and H37 reside in the basic loop flanked by two conserved lysines and may change conformation due to increased electropositive potential at acidic pH. The movement of H48 (H54 in hFRα) in the anchor loop, which is dependent on movement of both the basic loop and the switch helix, ultimately positions R119 (R125 in hFRα) in the folate binding pocket. The final histidine, H69, is solvent exposed with no contacts that implicate the residue in specific stabilization of state I or state III. On the basis of this structural analysis, we propose that three histidines, H36, H37, and H48, facilitate global structural rearrangements via destabilization of state I or stabilization of state III due to ionization at acidic pH.
In addition to our positional analysis of conserved histidine residues, we also examined the electrostatic surface potential of our hFRβ/FOL complex, crystallized at pH 8, to understand whether surface charge density is a factor in ligand release at acidic pH. Electrostatic potential surfaces were computed at pH values of 7.4, representing a pH value at which folates should bind the hFRs or at pH 6.5, a condition under which the receptor should be capable of folate release ( Fig. 5 C and D) (60) (61) (62) . Strikingly, comparison of these surfaces illustrated a significant increase in electropositive surface potential of the folate binding cleft at pH 6.5. Thus, we conclude that the structure of the hFRβ/ folate complex at pH 6.5, which we have been unable to determine experimentally, may be destabilized due to increases in electropositive charge density. Furthermore, these changes in charge density may in part trigger ligand release and could be considered in the development of unique antifolates with desired release properties.
From our structures representing three biological trafficking states of hFRs, we conclude that the receptors are poised in an open conformation at the cell surface and undergo minor rearrangements to make specific contacts with folate. After ligand release under acidic conditions, hFRs undergo a major reorganization wherein the movements of four surface loops ultimately occlude the folate binding site. A key residue, R125, occupies a position in the binding site that is stabilized by a series of ionic interactions mediated by a H54, blocking the association of folate with the receptor, whereas additional histidines may play a role in global conformational changes.
pH Dependence of Ligand Binding to the hFRs. Because ligand release by the folate receptors is considered a pH-dependent event, we determined the binding affinities of folate and three clinically prevalent antifolates, pemetrexed (PMX), aminopterin (AMT), and methotrexate (MTX) (Fig. 2) , for hFRα or hFRβ via isothermal titration calorimetry at pH 7.4 and pH 6.5. A general expectation given the proposed pH dependence model for ligand release is that a lower affinity for folate would be seen at pH 6.5, the average pH of the recycling endosome (Table 1; Table S3) (2, 42, 53, 63) . Isothermal titration calorimetry (ITC) measurements demonstrate that hFRα has an extremely high affinity for folate with a dissociation constant (K d ) of ∼10 pM at pH 7.4. In agreement with a pH-dependent release mechanism, the affinity of hFRα for folate at pH 6.5 decreases more than 2,000-fold to a K d of ∼21 nM. Among the antifolates tested, PMX showed the highest affinity for hFRα at pH 7.4, whereas AMT and MTX bound at an order of magnitude lower affinity than PMX. However, no significant pH dependence was seen in the binding of PMX, AMT, or MTX to hFRα at pH 6.5, indicating that these antifolates may not release effectively from this receptor.
We similarly characterized the pH-dependent binding profiles for hFRβ. Although the binding sites of hFRα and hFRβ are highly conserved with only two divergent residues (V129α/F123β and K158α/R152β), hFRβ exhibited a lesser pH dependence in binding to folate, with K d s of 2.7 and 23 nM at pH 7.4 and 6.5, respectively. However, the K d of folate to hFRβ represents an upper limit as the combination of the high affinity binding and limitations in ITC based on poor signals prevented an accurate measurement via direct titration and competition experiments similar to those conducted for hFRα yielded poor results based on the same limitations. Thus, the binding of folate for hFRβ is likely tighter than the measured K d ; however, by comparison with our hFRα data, we expect an affinity less than that of hFRα with folate (10 pM). Contrary to the data obtained for hFRα, hFRβ did show pH-dependent decreases in affinity for the antifolates tested (six-to eightfold), supporting the notion that these drugs could be efficiently released by hFRβ. Through examination of sequence variation at the ligand binding site and in conformationally variable loops in hFRβ and hFRα, no simple, sequencebased explanation presents itself to explain the difference in behavior between the two receptors. On the whole, our data indicate that pH plays a role in the release of PMX and MTX from hFRβ, and both hFRα and hFRβ exhibit a pH-dependent decrease in affinity for folate on acidification.
Folate and Antifolates Interact with hFRs in Distinct Binding Modes.
Antifolates have undergone continued development for more than six decades (6, 11) . Initially, much of antifolate development relied on empirical structure activity relationship studies involving either inhibition of target enzymes or cytotoxicity in cancer or model cell lines. Later development depended in part on newly determined structural models of target enzymes including dihydrofolate reductase, thymidylate synthase, and glycinamide ribonucleotide formyltransferase. Recent advances in folate-mediated therapies have focused on molecules that are targeted specifically via the folate receptors to tumors or sites of inflammation, but structural models of hFRs to aid in drug design efforts have been lacking. To gain a robust understanding of the molecular determinants of and variability in ligand binding and concurrently provide atomic resolution models to facilitate drug development, we determined crystallographic structures of hFRβ at pH 8-8.2 in complex with the antifolates PMX, AMT, and MTX to resolutions of 2.6, 2.3, and 2.1 Å, respectively (R free = 24.4, 23.5, and 23.1%).
The ligand-binding modes of PMX, AMT, and MTX share many characteristics with that of FOL ( Fig. 6; Figs. S2 and  S4-S7) . For all ligands, the bicyclic aromatic moiety is stacked between Y101 and W187, and the α-carboxylate of the glutamyl tail makes similar contacts with G153, W154, and W156. Subtle variations exist in the interactions of the γ-carboxylate with hFRβ. Specifically, the γ-carboxylates of FOL and PMX make contacts with only W118 and R152, whereas the γ-carboxylates of AMT and MTX make additional contacts with Q116. The central regions of each ligand consisting of variable linker atoms flanking a central benzyl ring make nonspecific interactions with hydrophobic residues, and the exact path of these atoms through the binding cleft varies ( Fig. 6; Fig. S7 ).
The most evident variations in ligand-binding modes for folate and antifolates reside in the position of pterin, pyrollo-pyrimidine, or diaminopteridine moieties. The pterin in FOL is oriented in a fashion most similar to the pyrollo-pyrimidine of PMX. Using O4 of the pterin ring of FOL as a reference, the pyrollo-pyrimidine of PMX is rotated 20°, and the exocyclic oxygen is displaced by 2.4 Å. Rotation of the pyrollo-pyrimidine still affords polar contacts with D97 and H151 equivalent to those seen in FOL. However, PMX does not interact with R119 or S190 and rather forms a new contact with T98. Due to the molecular differences between FOL and PMX, this level of variation seen in the binding modes is not unexpected. In contrast, comparison of the hFRβ/FOL and hFRβ/AMT complexes did yield some unexpected differences in the interactions of the two ligands. AMT is the first antifolate and is based on a single change of the O4 oxygen of FOL to an amine (8) . To accommodate this seemingly subtle change on binding, the diaminopteridine of AMT docks such that it is flipped 180°in the binding cleft (Fig. S7) . As a consequence, none of the polar contacts between hFRβ and the pterin of FOL are preserved with equivalent atoms for the diaminopteridine ring in AMT. Rather, hFRβ uses the same residues that make contacts with the pterin of FOL, with the exception of H151, to make a series of new contacts with the diaminopteridine. We also determined a structure of hFRβ in complex with MTX, an antifolate that varies from AMT via the addition of a methyl at the N10 position, and we see little distinction in the binding modes of these two diaminopteridinecontaining antifolates (9) . Taken together, our structural models of four hFR complexes suggest that folate receptors are able to recognize molecules that consist of an aromatic system capable of stacking between Y101 and W187, a largely hydrophobic linker with length matched to the central portion of the binding cleft, and a glutamyl moiety that makes specific polar contacts at the exit of the binding pocket. Additionally, our models show that pterins and 5-substituted pyrollo-pyrimidines are positioned in the binding cleft of hFRs in a similar fashion that is distinct from that seen for diaminopteridines.
Discussion
We determined six unique structures of hFRs that enhance our understanding of conformational changes occurring during biological trafficking of folate receptors and delineate molecular details of multiple binding modes for folate and antifolates. Specifically, we have shown hFRs in three states mimicking the apo-receptor and folate bound receptor at the cell surface and the apo-receptor within the endosome (Figs. 2-4) . These results strongly suggest that the pH of the receptor environment plays a major role in structural rearrangements with the folate binding cleft poised in an open conformation at neutral pH and occluded at the acidic pH experienced in the endosome (2, 53) .
Perhaps the most anticipated structure determined is the hFR/ FOL complex (state II), whereas the most unexpected results are those of apo-hFR crystallized under acidic conditions (state III). The binding mode for folate in state II rationalizes the linkage position for nearly all folate-conjugates, as the cargo for these multifunctional molecules are almost exclusively coupled at or near the γ-carboxylate of the glutamate (28, (48) (49) (50) 64) . The apohFR state III model highlights dramatic structural changes that occur in hFRs as a result of changes in pH. State III is informative as a model of the receptor after ligand release and clearly indicates a mechanism to prevent reassociation of folate via the insertion of an inhibitory loop into the binding cleft of the receptor.
Our trafficking state models provide a foundation for further study, with further analyses of conserved histidines and surface electrostatics a likely focus (Fig. 5) . The possibility exists that additional, intermediate states of the receptor could be discovered at the pH values between that of states II and III, but none of our crystallization trials yielded hits in this pH range. Perhaps the receptor undergoes conformational exchange between states under these conditions, preventing crystal formation. We also attempted to capture a state of the receptor in complex with any ligand at acidic pH without success. Through thousands of trials, samples that were crystallized in the presence of ligand at low pH lacked any density for ligand and were consistently found in the apo-hFR state III conformation.
Our three antifolate complex structures establish how folate receptors accommodate these clinically used molecules (Fig. 6) . Additionally, we characterized the pH dependence for the binding of folate and select antifolates to both hFRα and hFRβ. These data indicate pH-dependent changes in affinity for folate and lesser changes for antifolates (Table 1) . Although we see a decrease in affinity of hFRs for folate at pH values consistent with recycling endosomes, it remains to determine whether the decrease in affinity to ∼20 nM is sufficient to effectively drive release of folates. Additional studies remain to determine whether intrinsic factors such as kinetics of ligand binding and release or extrinsic factors, perhaps other proteins within the endosome, are needed for efficient release and transport of folates. Our data nonetheless provide a more comprehensive view than has been available to date regarding the structural underpinnings of the transport of and molecular interactions with folate receptors. These findings may be extended to the design of folate-conjugate and immunological agents that are highly hFR specific. Furthermore, these designs could be targeted toward either hFRα or hFRβ for specification in disease treatment. With a series of hFR/ligand complexes in hand (Fig. 6) , reasonable predictions can now be made regarding the binding poses for many folate analogs (6, 11) . At this stage, we showed two distinct binding modes in the four complexes. FOL and PMX bind similarly and serve as the best models to design new molecules or predict binding modes for additional analogs with either pterin and 5-substituted pyrollo-pyrimidine aromatic systems. Similarly, AMT and MTX bind in the same mode and are useful for studies of additional diaminopteridine analogs. A number of additional folate metabolites or analogs should be pursued for structural study to increase the diversity of available model complexes, including reduced folates and leucovorin (19) , as well as the newly developed ONX801 (13) and 6-substituted thieno-pyrimidines, analogs that show varying degrees of specificity for the folate receptors over the reduced folate carrier (51, 52) .
Our work suggests at least two additional avenues for potential exploration in antifolate development. The basis for FR-targeted therapy is the notion that cytotoxic drugs transported into cells via the folate receptors, rather than through facilitative transporters widely expressed in normal tissues, will not harm normal cells. FR specificity over RFC and PCFT transporters could be gained by the engineering of molecules that take advantage of the many solvent-filled cavities that surround ligands in the binding cleft. The binding pocket of the receptor is not filled by any of the ligands we examined. Moreover, the ligands use different regions of the binding cleft to accommodate the variations in the bicyclic aromatic regions. One antifolate that may take advantage of additional pockets within the binding cleft, and for which the mode of binding must await structural analysis, is the aforementioned ONX801, a molecule that contains a decorated tricyclic fused ring system (12, 13, 65) .
The second possibility for drug development could exploit the pH changes during FR trafficking. For example, the presence of a histidine in the binding pocket could be leveraged in antifolate design to improve ligand release properties. We propose that antifolates that contain an ionizable group with an appropriate pK a , for example an imidazolium moiety, would release efficiency due to the increased local positive charge.
Major outcomes anticipated from our structural studies on hFRs are the development of FR-specific antifolates and folateconjugates with reduced toxicity profiles in normal tissue owing to lack of transport via RFC. Our FR structures provide a platform for rational drug design and also provide new perspectives in a mature field, both of which will accelerate the development of unique folate-based therapeutics. Having molecular details in place, the focus can now shift to making targeted molecules that bind with high affinity and specificity to a given hFR at extracellular pH (∼7.0-7.4) and are released efficiently at endosomal pH (∼5.0-6.5). The potential of FR-targeted therapeutics in treatment of cancer and inflammatory disease is being explored in detail with lead molecules based on antifolate or folateconjugate designs in clinical trials, and we expect that our structures will be at the forefront of the development of the next generation of FR-targeted therapeutics.
Materials and Methods
Expression and Purification of hFRs. DNAs encoding the mature FRs, lacking residues for the N-terminal signal sequence and C-terminal GPI anchor attachment, were amplified by PCR and subcloned as XbaI/EcoRI or BamHI/ EcoRI restriction endonuclease fragments into pSGHV0 (66) . From the N to C terminus, resultant proteins consist of human growth hormone (hGH), an octahistidine tag, the tobacco etch virus protease site, and either hFR α or β (hGH-hFRα or hGH-hFRβ; Fig. S1 ). To generate cell lines stably expressing hGH-hFRs, 50 μg plasmid DNA was cotransfected with 5 μg dhfr-containing plasmid into dhfr-Chinese Hamster Ovary (CHO duk-) cells via electroporation at settings of 174 V and 400 μF in a 2-mm gap cuvette. Cells were plated in nucleoside-free selection medium [αMEM, 10% (vol/vol) dialyzed FBS] and incubated at 37°C under a 5% CO 2 atmosphere for approximately 2 wk before clonal selection. Clones were expanded, and expression of secreted hGH-hFRα and hGH-hFRβ was assayed by anti-hGH ELISA. Clones with suitable protein expression levels were subjected to gene amplification in the presence of MTX as described in Leahy et al. (66) . After amplification, cell lines expressing hGH-hFR were expanded for growth in roller bottles or hollow fiber bioreactors (FiberCell Systems) containing high glucose DMEM/ F12 medium supplemented with 1% (vol/vol) FBS (Life Technologies).
As folate is present in the growth medium, standard purification of both hGH-hFRα and hGH-hFRβ yielded complexes of FRs with folic acid. In a typical purification, 4 L conditioned medium from roller bottles or 240 mL from hollow fiber bioreactors, respectively, was concentrated and exchanged into buffer containing 50 mM Tris, pH 8.0, 500 mM NaCl, 10% (vol/vol) glycerol, and 5 mM imidazole using a Labscale TFF concentrator (Millipore) against a 50-kDa nominal MWCO tangential flow filter. Target hGH-hFR fusion proteins were purified via immobilized metal affinity chromatography (IMAC) with Ni-nitrilotriacetic acid Sepharose resin (Qiagen). During gradient purification, hGH-hFR elutes in a broad peak from 20 to 40 mM imidazole. hGH-hFR target proteins were exchanged into 10 mM Tris, pH 7.5, and 50 mM NaCl before proteolysis with tobacco etch virus (TEV) protease at 4°C for 16 h. A second passive Ni-nitrilotriacetic acid purification afforded cleaved hFR in the flowthrough and 20 mM imidazole wash fractions. hFR fractions were pooled, concentrated, and subjected to size exclusion chromatography on a Superdex 75 (16/60) column (GE Healthcare) equilibrated in 10 mM Tris, pH 7.5, and 50 mM NaCl buffer. Final clones used in this work expressed 5-8 mg hFR in complex with folate per liter of medium.
For apo-hFR purification, folate was dissociated from the receptor at pH 3.5 and absorbed to activated charcoal. After concentration and buffer exchange to 25 mM Tris, pH 8.0, and 500 mM NaCl, 5% (vol/vol) glycerol, 5 mM imidazole, FBS, and Triton X-100 were added to 30% (vol/vol) and 1% (vol/ vol), respectively, to reduce adsorption of hGH-hFR to charcoal. The pH of this solution was adjusted to pH 3.5 with 1 M HCl. One volume equivalent of 80 mg/mL charcoal in 25 mM sodium acetate, pH 3.5, with 1% (vol/vol) Triton X-100 was added to the protein sample, and the resulting slurry was stirred for ∼20 min at 4°C. After centrifugation and filtration, the protein solution is adjusted to pH 7.4 with 1 M NaOH. The crude protein solution was loaded onto a folate Sepharose affinity column equilibrated in PBS, pH 7.5, and 1% (vol/vol) Triton X-100 (PBS-T) (67, 68) . The column was washed with PBS-T, PBS-T supplemented with 500 mM NaCl, and PBS. hGH-hFR was eluted in 10 mM sodium acetate, pH 3.5, and eluent fractions were immediately neutralized with 0.1 volume equivalents of 0.5 M Tris, pH 7.5. The subsequent purification and proteolysis steps were identical to the methods used for the hFR-folate complex.
ITC Analysis of hFRβ with Folate and Antifolates. For ITC analyses, apo-hFR samples were exchanged into 20 mM sodium citrate phosphate and 100 mM NaCl at pH values of 7.4 or 6.5 via size exclusion chromatography on a Superdex 75 10/300 column (GE Healthcare). Ligands were dissolved in the same buffer, and titrations of hFR proteins into ligands were conducted using a NanoITC low volume calorimeter (TA Instruments). In a typical titration experiment, 300 μL 5-30 μM ligand was placed in the sample cell of 174 μL working volume, whereas 50 μL 100-500 μM hFR was loaded in the titration syringe. Volume per injection varied from 0.18 to 0.8 μL hFR with 150-s intervals between injections. To measure the high affinity binding of hFRα to folate, a competition experiment was necessary wherein 300 μM MTX was included as a competitor in both the sample cell with folate and titration syringe with hFRα. The data were fit to an observed association constant, which was used with the measured affinity of MTX to hFRα to calculate the association constant of hFRα to folate. Enthalpic parameters (ΔH) of the hFRα/folate interaction were obtained via a standard titrations. After initial trials and parameter optimization, at least three titrations were carried out for each protein-ligand pair (Table 1; Table S3 ) (69) .
Crystallization of hFRs. Crystallization trials were carried out using a combination of sitting and hanging drop vapor diffusion techniques. In the early stages of our work, two crystal forms of apo-hFRα were obtained from proteins produced in Sf9 cells (70, 71) . All other crystals of hFRα and hFRβ proteins were obtained from proteins secreted from CHO cells (Fig. S1) (66) . Additional details regarding manipulation of glycan types for crystallization trials are discussed in SI Materials and Methods. For hFR complexes, ligands were added to apo-hFR in a 1.5:1 molar ratio, and excess ligand was removed via size exclusion chromatography in 10 mM Tris, pH 7.5, and 50 mM NaCl. For all crystallization experiments, equal volumes (150 nL or 1.0 μL) of protein or protein complex and each crystallant solution were combined. Conditions for crystallization were as follows: hFRα-P2 1 Tables S1 and S2 . Data were collected on crystals flash frozen in liquid nitrogen via the oscillation method and were reduced using the HKL2000 program suite (72) . Phases were calculated via molecular replacement (MR) using Phaser as implemented in AutoMR, a component of the PHENIX software package (45, (73) (74) (75) . For our initial structure of apo-hFRα (P6 5 form), model coordinates for chicken riboflavin binding protein (chRfBP) were kindly provided by H. Monaco (University of Verona, Verona, Italy), and a truncated form of the cRfBP model was used as a MR search model in Phaser (57) . Our apo-hFRα (P6 5 ) model was subsequently used as a search model to obtain phases for two additional apo-hFRα datasets as well as the hFRβ/FOL complex data. In the latter case, the hFRα search model was truncated to the core of the protein as determined via structural alignment with chRfBP. The remaining hFRβ complex structures were phased using the hFRβ/FOL structure coordinates as the search model. Refinement and model building proceeded with phenix.refine and Coot programs, respectively (45, 74, 76, 77) . Translation libration screw refinement was implemented in the final stages of refinement (78) . Fig. S1 . hFR protein mammalian expression constructs. (A) hFRα/β proteins contain N-and C-terminal signal peptides that target the proteins to the secretory pathway (SP) and direct GPI-anchor attachment (GPI), respectively. Both signal sequences are cleaved in the secretory pathway before display of the receptors on the cell surface. The relative positions of heterogeneous N-linked glycans are represented, and symbols do not explicitly imply the type of carbohydrate attached. Three N-linked glycan sites are present on hFRα (N69, N161, and N201) and two are present on hFRβ (N115 and N195). Only the last glycan site is conserved among the proteins. Additionally, structural analysis has elucidated the specific disulfide bonds formed between the 16 conserved cysteine residues. Pairs are indicated by arrowhead lines. (B) The pSGHV0 vector design is presented in Leahy et al. (1) . The resultant protein cloned into the pSGHV0 vector encompasses the mature hFR as a C-terminal fusion to human growth hormone (hGH), octahistidine tag (His 8 ), and a tobacco etch virus protease cleavage site (tev). As the construct includes sequences encoding the native hGH signal peptide, these proteins are secreted when expressed in CHO cells. Residues at the termini of purified hFRα and hFRβ are indicated with sequences resulting from the expression vector underlined. Fig . S3 . Superposition of apo-hFRα models. Apo-hFRα from either CHO or Sf9 cells was crystallized at pH 5.5 in three space groups: P2 1 2 1 2 1 1, P6 5 , and P1 (Table  S1 ). As the P1 crystal formed with two molecules in the asymmetric unit, a total of four apo-FRα models at acidic pH can be compared. The apo-hFRα model from the P2 1 
SP tev

